Abstract. Fructose, the most important functional food additive from the last century, has been widely used in industry, agriculture, light industry, food and medicine. With the improvement of people's living standard and economic level, excess intake of fructose results in metabolic symptoms, including hyperleptinemia, insulin resistance and neuroinflammation is causing high risk of chronic kidney disease development in humans and animals. However, the underlying molecular mechanism of renal injury is still not fully understood, and the development of effective drugs and treatments are delayed. Hence, we investigated the role of crosstalk of CX3CL1-CX3CR1 axis and nuclear factor-κB (NF-κB) signaling pathway in the development of renal injury. CX3CL1-knock-out C57BL/6 mice were constructed and used to analyze the influence of CX3CL1-related signaling pathways on kidney injury of wild-type (WT) mice and CXECR1 deficiency mice, which were administrated with 30% fructose water. Western blotting, quantitative RT-PCR (qRT-PCR), immunohistochemistry, ELISA, flow cytometry and biochemical indicator analysis were used to determine the levels of renal injury and key signaling pathway associated with renal damage. The results indicated that administration of high fructose intake can cause typical renal inflammatory responses in serum and tissues. Fructose enhances the CX3CL1-CX3CR1 axis and NF-κB activation, and promotes crosstalk of CX3CL1-CX3CR1 and NF-κB pathways. The phosphorylated AKT could be significantly activated in fructose-induced renal injury via CX3CL1-CX3CR1 axis. CX3CR1 expression between WT and CX3CR1 -/-mice were evaluated to establish their relationship with injury. Our results indicated that CX3CR1 may be the central and major indicator in the process of renal injury, which mediate AKT pathway and further enhance the NF-κB activation. These findings demonstrated that crosstalk of CX3CL1-CX3CR1 axis and NF-κB signaling pathway play a direct role in fructose-induced kidney injury. Inhibition of CX3CL1-CX3CR1 pathway may suppress renal-related diseases. It may be a potential treatment choice for the clinical diagnoses and treatment in the future.
Introduction
Heterogeneous disorders affecting kidney structure and function, chronic kidney disease has been treated as a threat to the health of the people all over the world (1) . Due to the recurrent hospitalization, accelerated death and morbidity, increasing research has been devoted to investigate the underlying molecular mechanism. As the final manifestation of chronic kidney disease, renal fibrosis is the common pathway for chronic kidney disease towards kidney failure (2, 3) . It is characterized by an excessive accumulation and deposition of extracellular matrix components. Fibrosis formation could be stimulated by chronic glomerulonephritis, chronic pyelonephritis, obstructive nephropathy, systemic lupus; hereditary kidney disease, diabetic nephropathy, hypertensive kidney disease, drug-induced kidney disease, hepatitis B or the HIV caused kidney disease and renal transplantation (4) (5) (6) (7) . Among these inducements, with the development of economy and the improvement of people's living standard, eating habits caused kidney disease has been widely received attention by scholars. In previous reports, diet-induced increase in plasma oxidized LDL could promote early fibrosis in a renal porcine auto-transplantation model (8, 9) . Moreover, high fat diet-induced obesity would change kidney-related gene expression and lead to chronic kidney disease formation (10, 11) . These changes alter normal physiological activity and promote type II diabetes, in turn; diabetes enhancement will increase kidney injury development and fibrosis formation (12) . However, though the medical substantial progress has expanded our knowledge of kidney related diseases, there has been little in the way of new therapies. Hence, the additional intervention, including treatment with chemoprevention from natural products, for the treatment of kidney injury.
To our knowledge, in the development of kidney inflammation, TgF-β1/smads pathway has been regarded as the most significant in the promotion for fibrosis formation and kidney injury (13) . High fat diet-induced kidney damage also has been thought to be associated with inflammation development. As previously reports, kidney injury as a typical inflammatory response, nuclear factor-κB (NF-κB) signaling pathway was directly involved in the developmental process of lung injury (14, 15) . Thus, how to inhibit the activation of NF-κB pathway may be the key point for the treatment of renal inflammation. CX3CL1-CX3CR1 interaction has been indicated as important in many inflammation-related disorder, including hepatitis and fibrosis, nerve damage and tumors (16, 17) . CX3CL1-CX3CR1 axis has the ability to enhance the levels of phosphorylated NF-κB, which in turn, could continually upregulate CX3CL1-CX3CR1 interaction. Crosstalk of CX3CL1-CX3CR1 axis and NF-κB pathways play a critical role in the inflammatory formation and development (15, 17) . Hence, we investigated whether CX3CR1 knock out inhibits high fructose-stimulated acute kidney injury by interfering with CX3CL1-CX3CR1 axis expression and NF-κB pathways activation. Furthermore, podocyte cells were used as a model to evaluate the effects of CX3CR1 on inflammatory responses.
Materials and methods
Reagents and animals. Fructose (CAs: 53188-23-1, HPLC analysis ≥99%) was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Interleukin-1β (IL-1β) (freeze-dried powder) was obtained from Nanjing Biohelper Co., Ltd. (Nanjing, China) and prepared in phosphate-buffered saline (PBs) at the concentration of 100 µg/ml. The antibodies used in this study were obtained from CsT Technology Co. (Danvers, MA, UsA). The mouse enzyme-linked immunosorbent assay (ELIsA) kits were purchased from BioLegend (san Diego, CA, UsA). Male C57BL/6 mice with CX3CR1 gene-knock out were purchased from Beijing Biocytogen Co., Ltd. (Beijing, China). The mice weighting 20-25 g were housed in a temperature and humidity-controlled environment (25±2˚C, 50±10% humidity) with a standard 12 h light/dark cycle with food and water. This study was approved by the Ethics Committee on Animal Research at Department of Nephrology, Navy general Hospital of Chinese PLA. The mice were randomly divided into 3 groups: i) wild-type (WT); ii) Fructose-fed wild-type (Fru-WT); iii) Fructose-fed CX3CR1-knock out mice (Fru-CX3CR1-KO). Fru-WT and Fru-CX3CR1-KO group mice were orally administered with 30% fructose water/ day; and the WT mice were orally fed with equal amount of PBs. The entire experimental period was 56 days. All animal experiments were performed in accordance with the guide for the Care and Use of Laboratory Animals established by the Us National Institutes of Health.
Cell culture. The conditionally immortalized mouse podocyte cell line was obtained from Institute of Biochemistry and Cell Biology, sIBs, CAs (shanghai, China). Cells were grown and maintained at 33˚C in RPMI-1640 medium containing 10% fetal bovine serum (FBs), recombinant interferon-γ (R&D systems, Minneapolis, MN, UsA) and 1% penicillin/streptomycin. Recombinant lent viral particles encoding CX3CR1 and short hairpin RNA targeting CX3CR1 were produced, concentrated, and titrated. The short hairpin RNA oligonucleotide sequences of CX3CR1 were described earlier (18) . Cells were seeded at 3x10 4 cells/ml and were infected with recombinant lent virus twice with an interval of 12 h and incubated for 24 h. After 24 h, the medium was refreshed and the cells were cultured for another 24 h. Cells were serum starved for 36 h and stimulated with IL-1β (75 ng/ml) for the indicated time periods.
Biochemical analysis. At the end of all experiments, rats were sacrificed by decapitation at 9:30-10:30 a.m. after a 16-h fast in order to avoid the fluctuation of hormone levels due to circadian rhythms. Before this, the insulin tolerance test (ITT) and oral glucose tolerance test (OgTT) were performed in accordance with a perviously described method (20) .
Inflammatory cell counts of kidney tissue.
The kidney samples were centrifuged (4˚C, 3,000 rpm for 10 min) to pellet the cells. The cell pellets were resuspended in PBs for the total cell counts using a hemacytometer, and cytospins were prepared for differential cell counts by staining with the Wright-giemsa staining method.
Histopathological examination of kidney tissues and flow cytometry analysis.
Histopathological evaluation was performed by Nanjing Biohelper Co., Ltd. (Nanjing, China). Kidneys were fixed with 10% buffered formalin, imbedded in paraffin, and sliced. After hematoxylin and eosin (H&E) staining, Red Oil O, Masson and EM pathological changes of tissues were observed under a light microscope or electron microscope. some samples were subjected to immunohistochemical staining (CX3CL1, CX3CR1 and NF-κB) according to CsT technology Co. introduction and performed by shanghai Zhenda Biotechnology, Co., Ltd. (Shanghai, China). For flow cytometry analysis, the cells were obtained through shearing kidney tissue, separating by collagenase type II (Invitrogen, Carlsbad, CA, UsA) digestion and suspended in RPMI-1640 medium (gibco-BRL, grand Island, NY, UsA). Cell suspensions were centrifuged at 1,000 rpm for 5 min to remove cellular debris and impurities. Then, the entire cells were harvested and washed twice in Hank's buffer (gibco-BRL). According to the protocol of R&D kit systems (R&D Systems) for flow cytometry, add anti-CD45 FITC and anti-CD80 FITC antibody to the flow cytometry tube containing single-cell suspension, and these tubes were analyzed by Cytomics™ FC 500 MCL of Beckman Coulter (Brea, CA, UsA).
ELISA measurement and biochemical analysis. At the end of the experiments, blood were extracted from the eyeball, the different serum concentration of the inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), IL-2, IL-1β and IL-6 were measured using ELIsA kits according to the manufacturer's instructions (R&D systems). The other indicators shown in Table I were also performed by shanghai Zhenda Biotechnology, Co., Ltd.
Western blotting and quantitative RT-PCR (qRT-PCR)
analysis. Proteins were extracted from the kidney using T-PER Tissue Protein Extraction Reagent kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Protein concentrations were determined by BCA protein assay kit, and equal amounts of protein were loaded per well on a 10% sodium dodecyl sulphatepolyacrylamide gel. subsequently, proteins were transferred onto polyvinylidene difluoride membrane. The resulting membrane was blocked with Tris-buffered saline containing 0.05% Tween-20 (TBs-T), supplemented with 5% skim milk (sigma, st. Louis, MO, UsA) at room temperature for 2 h on a rotary shaker, and followed by TBS-T washing. The specific primary antibody, diluted in TBsT, was incubated with the membrane at 4˚C overnight. Subsequently, the membrane was washed with TBs-T followed by incubation with the peroxidase-conjugated secondary antibody at room temperature for 1 h. The immunoactive proteins were detected by using an enhanced chemiluminescence western blotting detection kit. Western blot bands were observed using gE Healthcare ECL western blotting analysis system and exposed to Kodak X-ray film. For qRT-PCR experiments, quantitative RT-PCR (qRT-PCR) and western blot analysis were performed as described previously (17) .
Statistical analysis. Data are expressed as means ± sEM. Treated cells, tissues and the corresponding controls were compared using graphPad Prism (version 6.0; graphPad software, Inc., La Jolla, CA, UsA) by one-way ANOVA with Dunn's least significant difference tests. Differences between groups were considered significant at p<0.05.
Results

CX3CR1 deficiency ameliorates high fructose-induced metabolic disorder responses and inflammatory cell counts.
We investigated that the effect of CX3CR1 deficiency mice on fructose-stimulated kidney injury. As shown in Table I , major kidney injury-related indicators in serum such as uric acid, blood urea nitrogen and serum total cholesterol, were significantly increased with the fructose administration, compared to WT group. In contrast, in CX3CR1-KO with fructose treatment mice, these were downregulated, compared with the model. Also, as shown in Fig. 1A and B , the serum glucose levels tested by ITT and OgTT were increased in WT+Fru group, compared with CX3CR1-KO. Thus, high fructose is capable of changing metabolic activities and weaken renal function. Fig. 1C shows that inflammation-related cytokines in WT+Fru were significantly upregulated with the increase of treatment in a time-independent manner. Of note, The data of Fig. 2A -E indicated that CX3CR1-KO may suppress the inflammation-related cells in kidneys, including neutrophils and macrophages caused by fructose administration-induced renal injury. These basic biomarkers suggested that CX3CR1 deficiency is capable of suppressing kidney damage with fructose administration.
Influence of CX3CR1 deficiency on inflammation-related cytokines expression in fructose-induced kidney injury. As indicated in Fig. 2F-N , the fructose administration significantly enhance renal injury levels compared to PBs group. Moreover, CX3CR1 -/-mice had a lower inflammatory cytokine expression than fructose-fed WT mice. We further investigated the mRNA level expression of inflammatory cytokines. Data in Fig. 3A illustrate that the administration of fructose can increase inflammatory cytokine expression in mRNA level, and downregulate in CX3CR1 deficiency mice. Fig. 3B shows that fructose significantly enhance the ratio of CD45 and CD80 positive cells. In contrast, in CX3CR1-KO mice a lower ratio of positive cells in CD45 and CD80 than fructose-fed WT was seen. The histopathologic examination of kidney tissues in Fig. 3C show the effects of fructose on renal injury. The results indicated that fructose caused lipid accumulation, inflammatory cell infiltration, a certain degree of fibrosis and damage of the tissues structure. Effects of CX3CR1-KO on CX3CL1/CX3CR1 axis-stimulated NF-κB signaling pathway. As showed in Fig. 4A , the IHC analysis given the AKT and NF-κB pathways were significantly activated with the administration of fructose. Also, in CX3CR1 -/-mice, the phosphorylation of NF-κB is lower than it in WT group. In addition, the western blot data (Fig. 4B) showed that AKT-stimulated NF-κB signaling pathway in CX3CR1 -/-mice with a significant difference compared with WT. These findings demonstrated that AKT pathway could be a link in the development of fructose-induced inflammation of renal injury, which was directly activated by CX3CL1-CX3CR1 axis. The AKT-stimulated NF-κB signaling pathway activation was downregulated when the CX3CR1 -/-mice were challenged with fructose administration.
CX3CR1 deficiency inhibits inflammatory response through NF-κB pathway in podocyte cells.
Research has demonstrated that the activation of the NF-κB pathway is involved in inflammation-related diseases both in experimental models and in humans. Moreover, CX3CL1-CX3CR1 axis has been shown to regulate the NF-κB pathway in multiple cell systems. Hence, we investigated the effect of CX3CL1-CX3CR1 axis on NF-κB pathway and the induced inflammatory responses with fructose administration. As showed in Fig. 5A , B and D, the IκBα degradation level was significantly upregulated in CX3CR1 deficiency, compared with WT mice. The increase of IκBα phosphorylation level results in the upregulation of NF-κB pathway activation, compared to CX3CR1 deficiency mice. The activity of NF-κB is also downregulated in the deficiency mice. Of note, in podocyte cells with CX3CR1 deficiency, the inflammatory cytokines have a lower release levels than WT group (Fig. 5C) . Thus, these findings demonstrated that CX3CR1 deficiency has a key role in the inhibitory effect of fructose-induced inflammatory responses.
Discussion
Kidney injury syndrome consisting of chronic inflammatory responses, has been emphasized as a serious health threat world-wide (1, 19) . Moreover, as a serious syndrome, the formation and development of kidney diseases are associated with high morbidity and mortality. It is characterized by an excessive accumulation and deposition of extracellular matrix components. Kidney injury formation could be stimulated by chronic glomerulonephritis, chronic pyelonephritis, obstructive nephropathy, systemic lupus; hereditary kidney disease, diabetic nephropathy, hypertensive kidney disease, druginduced kidney disease, hepatitis B or the HIV caused kidney disease and renal transplantation. However, the molecular mechanism of high fructose intake-induced chronic kidney disease, even kidney fibrosis is not absolutely explained and reported. In previous studies, renal damage as a typical inflammatory response, NF-κB signaling pathway was directly involved in the developmental process of injury (19, 20) . Thus, how to inhibit the activation of NF-κB pathway may be the key point for the treatment of renal damage. CX3CL1-CX3CR1 interaction has been treated as important in inflammationrelated disorders, including hepatitis and fibrosis, nerve damage and tumor (21) . CX3CL1-CX3CR1 axis has the ability to enhance the levels of phosphorylated NF-κB; in turn, NF-κB activation could continually upregulate CX3CL1-CX3CR1 interaction (17, 18) . Crosstalk of CX3CL1-CX3CR1 axis and NF-κB pathways play a critical role in the inflammation and development (17) . Hence, we investigated whether CX3CR1-KO inhibits fructose-stimulated kidney injury by interfering CX3CL1-CX3CR1 axis expression and NF-κB pathways activation. We used C57BL/6 mice to construct fructose-induced renal injury model in order to investigate the effects of CX3CL1-CX3CR1 axis. The results of our data indicated that fructose administration could cause inflammatory cytokine releases including TNF-α, IL-1β, IL-6, TgF-β and IL-18 in serum. Moreover, the inflammatory cell counts of fructose-induced renal tissues were significantly enhanced. Furthermore, we tested the crucial role of CX3CL1/CX3CR1 signaling pathway in fructose-induced kidney injury. The results showed that CX3CL1/CX3CR1 axis is involved in the process of renal damage and could be activated via fructose administration.
The activation of CX3CL1/CX3CR1 axis will further enhance the NF-κB pathway phosphorylation levels. As previous Thus, we further assessed the relationship of AKT pathway and CX3CL1/CX3CR1 axis. The data demonstrated that fructose administration has the ability to activate AKT pathway and increase the levels of phosphorylated AKT expression. Phosphorylated AKT expression could significantly enhance the activation of CX3CL1/CX3CR1 pathway and increase the NF-κB pathway activation.
To study the possible role of CX3CL1/CX3CR1 axis in fructose-induced kidney injury of mice, we used CX3CR1-knock out mice as model to investigate the effects of crosstalk of CX3CL1-CX3CR1 axis and NF-κB pathways. IHC analysis of IκB of fructose administration showed that IκB was involved in the development of renal injury. Compared with WT group, the CX3CR1 -/-mice have a lower IκB activation when challenged with fructose. As the inducer of CX3CR1, we tested the CX3CL1 expression between WT and CX3CR1 -/-mice by IHC. The results indicated that CX3CR1 knockout directly impacts the expression of CX3CL1. The AKT signaling pathway may directly or indirectly associate with fructose-induced kidney injury. In knockout mice, the p-AKT expression was determined to be involved in the process of injury. The data indicated AKT as an important upstream of CX3CL1-CX3CR1 axis may impact CX3CL1-mediated inflammatory responses. We investigated fructose-induced kidney injury model from the point of CX3CL1-CX3CR1 axis and its-related indicators. We found that fructose as functional food additive has the ability to cause inflammation by enhancing CX3CL1-CX3CR1 axis and NF-κB activation. Also, the phosphorylated AKT could be significantly activated in fructose-induced renal injury via CX3CL1-CX3CR1 axis. We further investigated the role of CX3CL1-CX3CR1 pathway in lung injury. CX3CR1 expression between WT and CX3CR1
-/-mice were tested to establish their relationship to injury. Our results indicated that CX3CR1 may be the central and major indicator in the process of kidney injury, which mediate the CX3CL1 to activate AKT pathway and further enhance the NF-κB activation.
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